Childhood diarrhea is one of the leading causes of morbidity and mortality in children under five in low and middle-income countries, second only to respiratory illness. The mouthing behavior that is common in children exposes them to fecal-orally transmitted pathogens that can result in diarrhea; however, there is a need for further evidence on specific exposure routes. This study describes the frequency and diversity of two important routes of enteric pathogen exposure among infants 3-9 months of age: infant oral contact behavior and caregiver handwashing behavior. Data were collected through structured observations of 25 index infants for the oral contact data and 25 households for the caregiver handwashing data in a peri-urban setting in Kisumu (Obunga), Kenya. Breast was the most common type of oral contact event with an average of 3.00 per observation period and 0.5 events per hour. This was followed by a range of physical objects with an average of 2.49 per observation and 0.4 events per hour. The "infant's own hands" was the third most common oral contact, with an average of 2.16 events per hour, and 0.4 oral contact events per hour. Food and liquids were the 4th and 5th most common oral contact events with an average of 1.64 food contacts and 0.52 liquid oral contact events per observation period. Feeding events, including breastfeeding, were the most commonly observed key juncture-71% of total junctures observed were caregivers feeding children. This was followed by child cleaning (23%), caregiver toilet uses at (4%), and lastly food preparation at 2%. HWWS was observed only once before a feeding event (1%), twice after cleaning a child (9%), and twice after caregiver toilet use (40%). The combined implication of data from observing oral contact behavior in children and hand hygiene of caregivers suggests that caregiver hand hygiene prior to feeding events and after cleaning a child are priority interventions.
Introduction
Diarrhea remains one of the leading causes of morbidity and mortality for children under the age of five in low-income countries. Recent estimates suggest that over 2000 children die every day from diarrhea-related illness as a result of enteric infection, accounting for 1 in 9 child deaths globally [1] . However, both symptomatic and asymptomatic enteric infection can have negative impacts on child health, such as [2] growth faltering and reduced cognitive development [2, 3] . In low income settings, the burden of both enteric infection [4] and diarrhea [5] remains high even in the first year of life when the process of stunting begins and can accelerate dramatically [6] . A stronger understanding of the dominant environmental exposure pathways for enteric pathogen infections pathogens during early childhood and infancy, particularly with regard to water, sanitation and hygiene, may contribute to more effective interventions [7] .
Improvement of water, sanitation, and hygiene (WASH) in communities with high prevalence of enteric infection and the continued promotion of breastfeeding are critical to reducing the prevalence of diarrhea [5, 8, 9] . Oral exposure to pathogens is a basic tenet of the fecal-oral transmission route associated with enteric infections. Past studies on the oral contact behavior-oral contact with any object, surface, liquid, or body part (own or other)-of children have widely varied in terms of methodology, geographic location, age of observed children, and the definition of oral contact or "mouthing". Past studies quantifying child contact with environmental hazards in children in low income settings have focused on exposures or hazards, including: objects [10, 11] , pesticides [12] , and bacterial indicators of animal and human feces via hands, objects, or drinking water [13, 14] . In a 2007 meta-analysis, Xue and colleagues found that there was a lack of oral contact data for infants aged 0-6 months [15] . Hand hygiene is widely researched, with the majority of studies focusing on the motivations, duration, practice, and habitual nature of handwashing. However, these studies lack oral contact information that would provide a comprehensive view of exposure pathways for enteric pathogens [16, 17] . Further, most studies like those above have focused on handwashing practices among caregivers of children from a wide age range and were conducted in rural settings rather than in low-income urban or peri-urban areas. Research is lacking on child exposures in low income urban settings where high population density combined with limited public health infrastructure can create highly contaminated environments [18] .
This study addresses these gaps by assessing caregiver hand hygiene and the frequency and type of oral contact events among infants aged 3-9 months at the household level in a peri-urban slum of Kisumu, Kenya. The household setting was chosen as multiple studies in different countries have shown that fecal pathogen exposure can be reduced through interventions targeting behaviors specific to the household domain, including improved hand hygiene practices and increased and improved child food preparation practices [19] [20] [21] .
The aim of this study is to better understand how an informed intervention could reduce the child and caregiver behaviors that can result in pathogen fecal-oral pathogen exposure and infection among children 3 to 9 months of age. The specific objectives were to observe infant (ages 3 months to 9 months) oral contact behavior, caregiver hand hygiene practices, and other related actions to identify the environmental, social, and habitual factors that contribute to enteric pathogen exposure in urban Kisumu. Exposure and behavioral data reported here contributed to the development of a comprehensive intervention for reducing early life exposures to enteric pathogens.
Materials and Methods
A mixed method, cross-sectional observational study was completed assessing enteric pathogen exposure routes-specifically oral contact events-among children 3-9 months of age and caregiver hand hygiene practices. Ethical approval for this study was granted by the Ethics Committee of the London School of Hygiene and Tropical Medicine (Ref. Number: 11717) and the National Council for Science, Technology, and Innovation ("NACOSTI") (Ref. Number: GREC/010/248/2016). Written consent to participate was provided by all participating caregivers in advance of any data collection. The data collection team was trained on the ethical procedures for the study including how to obtain written informed consent from study participants, confidentiality, and data management practices. The study was conducted in accordance with the Declaration of Helsinki.
Study Setting
The study was conducted in a low-income informal settlement in Kisumu, Kenya. The study site is a part of a larger peri-urban informal settlement belt that encircles the more developed urban core of Kisumu. Approximately 60% of Kisumu residents live in peri-urban settlements surrounding the city [22] . Access to safe drinking water and sanitation in the study area is limited; most inhabitants rely on paid, shared water sources and rudimentary pit latrines shared by multiple households. In 2015, a cross-sectional survey in the study area found high levels of contamination with fecal pathogens in household-stored drinking water and household prepared food (unpublished).
Sampling
The observational data were collected from a purposive sample of households in the study area. All participating households met the following criteria: (1) located in the defined study area; (2) have a residing child between 3 and 9 months of age; and, (3) have a consenting adult present at the time of observation. Community Health Volunteers (CHVs), who serve as the link between the household system and the county health system by providing health information and referrals to families in their community, helped the research team identify all households in their catchment areas that met the eligibility criteria. In addition to identifying households, the CHVs provided an initial explanation of the study prior to the formal consent process conducted by the study enumerator.
Data Collection

Oral Contact Events
Oral contact data were collected through structured observations in the household setting. In sampled households, an index child between 3 and 9 months of age was selected as the focus of observation. Oral contact events were defined as any time an object, food or otherwise, came into contact with the child's mouth either in the form of mouthing/gumming or for the purpose of ingestion. Objects included the index child's own hand, others' hand, foods, liquids, objects, clothing, dirt or soil, furniture, or components of the household structure itself. Observations lasted up to 6 h and were conducted during either the morning hours (07:00-13:00) or during the afternoon hours (13:00-20:00).
The index child was verified as meeting the eligibility criteria at the beginning of the observation period by the CHV and enumerator through confirmation of the child's age as noted on the clinic card or verbally confirmed in the absence of the clinic card. There was only one child per observation. During observation, the enumerator recorded any object that entered or came in contact with the child's mouth, the perceived level of contamination of the object, changes in the index child's primary activity, any caregiver action taken to mitigate to oral contact events, changes to the index child's location or environment, and contact with a caregiver. Object contamination was defined as a categorical indicator based on visible contamination with dirt or other matter (yes/no/unknown). Caregiver contact was defined as any time the index child came into direct contact with the caregiver (point of contact yes/no). A mitigation event was defined as any time the caregiver performed an action that sought to reduce the index child's pathogen exposure, and included action such as removing a potentially contaminated object from the index child's possession, washing the mouthed objects and returning it to the index child to continue to be mouthed, or replacing a contaminated object with a clean object. Location or environmental change recorded any time the child was picked up, moved to a different area of the household, taken outside, or taken to a different household. Data were collected to assess how changes in environment could potentially impact the type of oral contact behavior of the index child.
Caregiver Handwashing
The caregiver hand hygiene data collection consisted of structured observations in households. These caregiver observations were conducted during the morning (07:00-13:00) or during the afternoon (13:00-20:00). In each household, an index child was specified and observations focused on the index child's primary caregiver-the individual responsible for child care at that moment in time. If the primary caregiver changed to a different individual, this was recorded and the new primary caregiver was observed. The primary indicators for these observations were: handwashing behaviors in relation to sanitation/and toileting, child feeding, child cleaning, and food preparation. These four key "junctures" were chosen based on a qualitative analysis of the index child observation data and expanded field notes as well the existing literature, which point to these events as the most likely to result in child pathogen exposure [20, 21, 23] . The response categories for hand hygiene were: hand washing with water only, washing with soap and water, or no handwashing in relation to the key junctures. In addition to hand hygiene, the enumerator also recorded activity or location changes among all potential caregivers in the household. Observers recorded when the caregiver left, returned, had contact with another adult, or became the primary caregiver in the circumstances of transfer of caregiver responsibilities. While recording this "phase or location change" of a caregiver the enumerator would also note details about the relation of the caregiver to the child in a roster.
All observational data were recorded on mobile phones (Alcatel, Pixi 3, Gigaset AG, Munich, Germany) using structured observation tools developed with Open Data Kit (ODK). All data were sent to the ODK aggregate immediately after collection and reviewed for accuracy by the study team. Further analysis of the data was conducted using STATA version 14 (StataCorp LP., College Station, TX, USA).
Expanded Field Notes and Daily Debriefing Session
During data collection, enumerators wrote expanded field notes containing any relevant information that was not expressly requested in data collection tools. This additional information included details regarding the visible health of the index child, the disposition of the mother and child, the caregiver's profession or source of income, the location of the latrine, the state of the latrine, the perceived economic status of the household, and other details that may impact the mouthing behavior of the child or the hand hygiene of the caregiver. The expanded field notes and the data collected using the ODK observation tool were discussed after each day of data collection with the research manager. Daily debriefing sessions became a critically important opportunity for troubleshooting issues encountered during data collection and to ensure that the enumerators were adhering to ideal data collection practices. Much of the qualitative data pulled from the expanded field notes shed light on the overall findings of the study.
Analysis
Data were exported from the ODK aggregate to STATA IC (StataCorp LP., College Station, TX, USA) for analysis. Two datasets were generated-one for oral contact events and one for caregiver hand hygiene events. Summary statistics were calculated from the data and included total observation time, average number of observations per data collection period, average number of observations per hour, age and sex distribution of participants, and the total number of observations per key indicator ( Table 1) .
The oral contact events dataset was analyzed to determine which objects enter the child's mouth the most throughout the observation period. The analysis assessed if oral contact behavior differed by sex or age of the child, by location (indoor, outdoor) of the event, and by the time of day the event occurred. The caregiver hand hygiene data were analyzed with a focus on how often handwashing was completed at the appropriate time in association with key junctures (points in time when child exposure to dangerous pathogens is most likely to occur e.g., before food preparation, before/during child feeding, or after child toileting). By analyzing the total number and frequency of observations, both child exposure, and caregiver hand hygiene events, the study team was able to assess event by age and sex. To accommodate an unequal skew in ages and sex the data was weighted by time observed. Because observations were reviewed daily and data discussed and reviewed on an on-going basis, quantitative measures of inter-observer variability are not provided.
A qualitative analysis of the expanded field notes and daily debriefing notes collected by enumerators was also performed. A coding system was created to identify major recurrent themes, barriers to ideal behaviors, and contextual factors using an emergent coding process whereby codes were organically created and iteratively assigned to data points identified in the expanded field notes and daily debriefing notes. After the initial coding, a secondary coding was conducted on the same data set by another member of the data analysis team. This was to assess inter-rater reliability. When assessing the two versions of coding it was determined that the coding was approximately the same between different coders. Tables 1 and 2 presents descriptive statistics for the structured observations, including the number of observations performed, the average observation time, and the sex and age distribution for index participants for each observation. * Observation time was calculated from the first observation to the submission observation log at the end of the observation period. ** Average caregiver age was calculated based on the information available. There were two observations in which age of the caregiver was not recorded.
Results
All observed infants were visibly healthy at the time of observation. Data about the specific health status of the child or caregivers were not collected.
Oral Contact Events
A total of 264 oral contact events were observed during 142 h of observation spanning 25 infants, with an average of 1.76 contact events per child per hour. There was mean of 10.6 oral contact events per observation period, equivalent to 1.8 oral contact events per hour of observation. Breast was the most common type of oral contact event with mean of 3.00 per observation period and 0.5 events per hour. This was followed by a range of physical objects-including toys, clothing items, dirt, phones, and keys (mean: 2.49 per observation; 0.4 events per hour). The "infant's own hands" was the third most common oral contact (mean: 2.16 per observation; 0.4 per hour) Food and liquids were the 4th and 5th most common oral contact events (Table 3) . Children were almost exclusively fed cooked foods-such as porridge, potatoes, or ugali-while feeding of raw foods was extremely rare. Approximately 28% of all oral contact events were with the breast; objects accounted for another 24% of oral contact events; and the child's own hands an additional 20%. Food and liquids combined accounted for 21% of all oral contact events observed (foods: 16%, liquids: 5%). Children between the ages of 3-6 months were responsible for a weighted 53% of oral contact events (Table 4) .
Differences in oral contact events were also observed by child age. Children between the ages of 3-6 months were more likely to have more objects, food, liquids, and other oral contact events. Children between the ages 7-9 months were more likely to have more breast, their own hands, and the hands of others as oral contact events (Table 4) . 
Caregiver Hand Hygiene
A total of 101 critical junctures were observed during 138 h of caregiver observation. Feeding events, including breastfeeding, were the most commonly observed key juncture-71% of total junctures observed were caregivers feeding children. This was followed by child cleaning (23%), caregiver toilet uses at (4%), and lastly food preparation at 2% (Table 5 ). Handwashing with soap (HWWS) was observed 5 out of 101 times at the appropriate juncture associated with a possible caregiver contamination event (Table 6 ). HWWS was observed only once before a feeding event (1%) and twice after cleaning a child (100%). Handwashing was observed twice after toilet use (100%). HWWS was least common before food preparation. There was only one observed instance of caregivers rinsing hands with water without using soap. From a public health perspective, handwashing was noted out of sequence with practices that would reduce risk; such as washing hands after feeding a child or after preparing food. Observed events often occurred in rapid sequence and sequences of events often recorded as one action. The majority of these instancess were resolved in debriefing; however, a limited number of events remained that could not be resolved. This included a total of 9 times that hands were washed with soap; however, the proper sequence (i.e., before feeding; after toilet use) could not be determined. HWWS is handwashing with soap; Hand rinsing is rinsing hands with water without using soap; No HW is no HWWS or rinsing or hand hygiene performed out of sequence; HWWS; sequence not determined are events where caregivers were observed washing hands with soap as part of a larger group of behaviours but proper sequencing of handwashing could not be determined.
Discussion
This study provides data on the oral contact behavior and handwashing practices of primary caregivers; highlighting potential routes of exposure to enteric pathogens in infants between 3 and 9 months of age. Frequencies of different types of oral contact events varied between younger versus older children. This finding was also seen in other studies that assessed oral contact frequency although the age range of observed children was slightly higher than that of this study [12, 24] . For example, consumption of food or water was 2 to 4 times more common in younger infants compared to older ones. One potential explanation for this difference is that feeding frequency reduces as infants transition from an all-liquid breast milk diet to heavier solid foods, and the small study sample size of children (n = 25) was insufficient to capture increasingly infrequent daily child feeding practices. Timing observation to capture relatively rare (few times per day versus few times per hour) exposure events is challenging, and the accuracy of measurements can be heavily skewed when observation periods are limited to 4 to 6 h blocks of time, per common practice [13, 25] .
The infant's own hands was the second most common type of oral contact after breast. Specific data regarding child handwashing during the child cleaning process was not specified. This finding is in keeping with results from a study in Tanzania in which child's hands were the second most commonly mouthed object, second only to food [3] . In future data collection around child cleaning, child handwashing should be represented by its own set of indicators as an important intervention point to reduce child exposure to pathogens. Breast comprised 28% of all oral contact events. The extent to which breast contact was observed is encouraging. The World Health Organization has recommended exclusive breastfeeding for the first six months of life and complementary breastfeeding for the first two years [26] . This recommendation is the foundation of many infant and young child feeding campaigns as is widely promoted throughout the developing world. A similar study observed breast contact in only 18% of all oral contacts events, however the study examined a larger age range of children. Instead, the authors found a high proportion of oral contact events due to the child's own hands (87%)-similar to the results of our study [3] . In several previous studies in different populations, pacifiers were the primary mouthed object in both frequency and duration. Infants that are provided pacifiers may be less likely to mouth other objects [27] . In one study pacifiers were intentionally excluded from analysis in order to reduce the impact that it would have on study findings [11] . The variety of objects mouthed by infants in this study population could potentially be more varied due to the lack of available pacifiers. The range of objects observed to enter children's mouths is more likely to result in erratic and unpredictable oral contact patterns compared to food, liquids, and breast.
Material objects that comprised the majority of oral contact events are likely to be handled by caregivers in a random manner. Specific, targeted interventions to reduce contamination and infant exposures to enteric pathogens may be difficult due to the stochastic nature of both oral and hand contact. This reinforces the importance of HWWS as a primary barrier to pathogen transmission within this context. During all observations, HWWS was observed at only 5% of key junctures, below global averages for HWWS [28] . When participants did perform a hand hygiene behavior they used soap and water in most instances of the time. Hand rinsing with water only was only observed in association with one key juncture, food preparation. These findings suggest initiation of handwashing is a critical health intervention rather than focusing on handwashing technique and practice.
Food preparation was never proceeded by HWWS and only observed before 1% of feeding events. Both preparation and feeding are a part of a larger system and feeding typically follows preparation in close succession. Therefore, caregivers may assume that handwashing prior to feeding is unnecessary if handwashing prior to food preparation was practiced. The importance of handwashing in the behavior system focused on food is an important exposure pathway-it is the third most common type of oral contact withstanding breast. The study by Nizame et al. also reflected the importance of hand hygiene during the larger food behavior system. Authors recommended that improved access to handwashing materials such as running water and soap in conjunction with targeting executive motivations is the best way to increase handwashing around both meal preparation and feeding events [17] . Our findings also reinforce that health messaging must target the importance for handwashing prior to meal preparation and before feeding.
Caregiver handwashing after child cleaning was observed after 40% of child cleaning observations. In similar studies handwashing after child cleaning was observed 32% the time and 47% respectively [3, 29] . Several studies have documented that handwashing with soap may not be viewed as necessary after child cleaning if water or soap are involved. The cleaning process itself could constitute in the caregiver's mind handwashing as the act its self includes all the same components such as soap, water, and an effort to cleanse. There is a need for more detailed observation on this practice so that a differentiation can be made between child cleaning that used soap and water and child cleaning that did not.
Collecting observation-based data is labor intensive and subject to a range of biases. The data collection team faced many challenges in ensuring that all relevant information regarding the observed oral contact events was collected. Some oral contact events are infrequent or intermittent and are a part of larger behavior systems. As noted in other studies, observation may have resulted in significant reactivity, changing individual practices to more closely reflect what people know about hygienic behaviors in the home rather than actual practices. However, studies suggest that reactivity to structured observations for hand washing behaviors decreases with the amount of time under observation [30] . Oral contact data skewed heavily female. However, our data suggest that oral contact behaviors in the target age range did not differ by sex of the child. Previous studies included in a meta-analysis of hand-to-mouth frequency data for non-dietary ingestion exposure also noted no difference by child sex [15] . Caregiver observations included only a limited number of critical junctures where handwashing is an important event. Events often occurred in rapid succession proceeded by long periods of inactivity. As such, some were unable to resolve the final sequence of events in 9% of observations. If all of these events happened in the proper sequence, then HWWS at key junctures is still only 14%, below global averages. There were many circumstances where the female head of household agreed to participate in the observation but exogenous events, such as the return of the male head of household, would require the enumerator to terminate the observation. These circumstances resulted in a partial data collection event. The data that was collected in these circumstances was included in the analysis as it was believed that prior to the interruption the observations that were made were representative of the reality of oral contact behavior and caregiving practices in that household. Recommendations for future research in oral contact behavior and caregiver hand hygiene are that study enumerators note the observed household's access to clean water as this is likely an underlying driver of household hygiene practices.
Conclusions
When assessing both infant oral contact events and caregiver hand hygiene practices we have a more comprehensive view of pathogen exposure pathways. Food was the fourth most common type of oral contact event and child feeding was the second most common type of caregiver handwashing key juncture, however handwashing before feeding was only observed in 1% of observations. This indicates that there is a significant opportunity to reduce pathogen exposure for children by addressing the hand hygiene behavior of caregivers before child feedings. Even if our estimates of caregiver handwashing are low, the frequencies are unlikely to be high, highlighting a broad sweeping need for improving caregiver hand hygiene in general. We observed only limited instances of caregiver toileting events and subsequent handwashing, and it is possible handwashing was performed outside of the household. Given the nature of communal latrine infrastructure, targeted observations of handwashing at the site of defecation are necessary in order to more accurately assess hand hygiene in this context. Child toileting and feces handling is a complex system of behaviors and it is recommended that this area of hygiene and sanitation be assessed independently of food preparation and feeding systems so that the necessary amount of detail can be captured.
